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Acetate is activated to acetyl-CoA by acetyl-CoA
synthetase 2 (AceCS2), a mitochondrial enzyme.
Here, we report that the activation of acetate by
AceCS2 has a specific and unique role in thermogen-
esis during fasting. In the skeletal muscle of fasted
AceCS2/ mice, ATP levels were reduced by 50%
compared to AceCS2+/+ mice. Fasted AceCS2/
micewere significantly hypothermic and had reduced
exercise capacity. Furthermore, when fed a low-
carbohydrate diet, 4-week-old weaned AceCS2/
mice also exhibited hypothermia accompanied by
sustained hypoglycemia that led to a 50% mortality.
Therefore, AceCS2 plays a significant role in acetate
oxidation needed to generate ATP and heat. Further-
more, AceCS2/ mice exhibited increased oxygen
consumption and reduced weight gain on a low-
carbohydratediet.Ourfindingsdemonstrate thatacti-
vation of acetate by AceCS2 plays a pivotal role in
thermogenesis, especially under low-glucoseor keto-
genic conditions, and is crucially required for survival.
INTRODUCTION
Mammals have evolved complex metabolic systems to survive
extended periods of nutrient deprivation. Under a fed condition,Cemammals utilize glucose as the main metabolic fuel. Under keto-
genic conditions such as fasting, low-carbohydrate diet feeding,
and diabetes, fatty acids and ketone bodies are utilized as the
main energy sources. Ketone bodies, utilized mainly in brain
and also some in skeletal muscle and heart (Fukao et al., 2004),
are produced in liver from acetyl-CoA released after b oxidation
of fatty acids in mitochondria. Several lines of evidence report
that acetate is synthesized in the liver and utilized as an alterna-
tive fuel under ketogenic conditions. For instance, acetate
concentration in livers of starved rats is quite high (Murthy and
Steiner, 1973). Also, formation of free acetate by the liver has
been reported from studies utilizing isolated rat liver perfusion
and studies using isolated hepatocytes (Leighton et al., 1989;
Seufert et al., 1974; Yamashita et al., 2001). Acetate is generated
following hydrolysis of acetyl-CoA by acetyl CoA hydrolase, an
end product of fatty acid oxidation in rat liver peroxisomes
(Leighton et al., 1989). However, it is not known whether acetate
is actually utilized as an alternative fuel (substituting for glucose,
fatty acids, or ketone bodies) in peripheral tissues such as skel-
etal muscle, heart, brown adipose tissues (BAT), or brain.
Acetyl-CoA synthetase (AceCS, EC 6.2.1.1) ligates acetate
and CoA to generate acetyl-CoA. In mammals, there are two
AceCSs with similar enzymatic properties: one, designated
AceCS1, is a cytosolic enzyme, whereas AceCS2 is an enzyme
of the mitochondrial matrix (Fujino et al., 2001; Luong et al.,
2000). AceCS1 and AceCS2 are regulated posttranscriptionally
by members of the sirtuin family of deacetylases, SIRT1 and
SIRT3, respectively. Both SIRT1 and SIRT3 are upregulated
during caloric restriction and have been implicated as mediatingll Metabolism 9, 191–202, February 4, 2009 ª2009 Elsevier Inc. 191
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and Verdin, 2008; Yang et al., 2007).
AceCS1 provides acetyl-CoA for the synthesis of fatty acids
and cholesterol. AceCS1 is highly expressed in liver, and its
transcription is regulated by sterol regulatory element-binding
proteins (SREBPs), basic helix-loop-helix leucine zipper
transcription factors that activate multiple genes involved in
cholesterol and fatty acid metabolism (Ikeda et al., 2001; Luong
et al., 2000). By contrast, AceCS2 produces acetyl-CoA for
oxidation through the tricarboxylic acid cycle to produce ATP
and CO2 (Fujino et al., 2001). AceCS2 is highly expressed in
BAT, heart, and skeletal muscle. Importantly, the levels of its
mRNAs in BAT, heart, and skeletal muscle are robustly increased
under ketogenic conditions, whereas the level of its mRNAs in
liver was barely detectable (Fujino et al., 2001). The fasting-
induced transcriptional activation of AceCS2 in the skeletal
muscle is largely controlled by Kru¨ppel-like factor 15 (KLF15),
a member of the Kru¨ppel-like family of transcription factors
(Yamamoto et al., 2004) that regulates many genes involved in
gluconeogenesis such as phosphoenolpyruvate carboxykinase
(PEPCK) and amino acid-degrading enzymes required under
ketogenic conditions (Gray et al., 2007; Teshigawara et al., 2005).
To examine whether acetate is utilized as a fuel under keto-
genic conditions, we generated AceCS2-deficient mice. In this
paper, we show that AceCS2 is essential for energy expenditure
under ketogenic conditions.
RESULTS
Generation of AceCS2-Deficient Mice
To evaluate the role of AceCS2 in vivo, we generated mice lack-
ing AceCS2. We constructed an insertion-type vector that
disrupts exon 1 of the mouseAceCS2 gene (Figure 1A). Two lines
of mice harboring insertions in AceCS2 were identified by
Southern blotting (Figure 1B). Genotyping was performed by
PCR (Figure 1C), and the absence of AceCS2 transcripts
(Figure 1D) and protein (Figure 1E) was confirmed by quantitative
real-time PCR (QRT-PCR) and immunoblot analysis, respec-
tively. Wild-type (AceCS2+/+), heterozygous (AceCS2+/), and
homozygous (AceCS2/) mice were born at frequencies
predicted by simple Mendelian ratios. AceCS2/ mice of both
sexes were normally fertile and typical in appearance. No histo-
logical abnormalities were seen following light microscopy of
sections obtained from multiple tissues of adult male mice,
including bone, brain, stomach, heart, intestine, kidney, liver,
pancreas, white adipose tissue, BAT, and skeletal muscle
(data not shown). At birth, the body weight and length of
AceCS2/ mice were indistinguishable from their littermates.
By the time of weaning (4 weeks of age), both male and female
AceCS2/ mice exhibited significant growth retardation
(Figures S1A–S1C available online). After weaning, AceCS2/
mice fed on normal chow diet began to catch up with
AceCS2+/+ mice in both body weight and body length. By 20
weeks of age, the body weight of the AceCS2/ mice became
comparable to their littermates (Figures S1A and S1B). Food
intake of 4-week-old AceCS2/ mice was slightly decreased
compared to AceCS2+/+ mice but became comparable to that
of their littermates by 20 weeks of age (Figure S1D). Plasma
parameters of AceCS2+/+ and AceCS2/ mice before weaning192 Cell Metabolism 9, 191–202, February 4, 2009 ª2009 Elsevier In(2–4 weeks of age) and at 26 weeks of age are shown in Table S1.
Glucose, ketone bodies, nonesterified fatty acids (NEFA), and
insulin levels were indistinguishable between AceCS2+/+ and
AceCS2/ mice at both 2–4 weeks of age and at 26 weeks of
age (Table S1). Plasma concentration of growth hormone and
Figure 1. Generation of AceCS2-Deficient Mice
(A) Diagram of the targeting strategy. Only the relevant restriction sites are
indicated. Locations of the probes for Southern blot analysis (bars) and PCR
primers (arrows) for genotyping are shown.
(B) Southern blot analysis of KpnI-digested DNA from ES cell clones. Southern
blotting was performed with the probe indicated in (A). KpnI digestion resulted
in a 6.5 kb fragment in wild-type DNA and a 10.5 kb fragment in homologous
recombinants.
(C) An ethidium bromide-stained agarose gel illustrates PCR products for
genotyping AceCS2+/+, AceCS2+/, and AceCS2/ mice. A description of
the PCR genotyping strategy is contained in the Experimental Procedures.
(D) QRT-PCR analysis of AceCS2 transcripts. Total RNA from heart of
AceCS2+/+, AceCS2+/, and AceCS2/ mice were analyzed by QRT-PCR
quantification as described in the Experimental Procedures. b-actin was
used as the invariant control. Values represent the amount of mRNA relative
to that in AceCS2+/+ mice, which is arbitrarily defined as 1. Data are mean ±
SEM. *p < 0.05 compared to AceCS2+/+; **p < 0.01 compared to AceCS2+/;
***p < 0.001 compared to AceCS2+/+ (+/+, n = 9; +/, n = 17; /, n = 7).
(E) Immunoblot analysis, with an affinity-purified anti-rabbit polyclonal AceCS2
antibody, of AceCS2+/+ and AceCS2/ mouse heart protein. Each lane was
loaded with 20 mg of whole-cell lysates in SDS lysis buffer from the hearts.
GAPDH was detected with a polyclonal anti-GAPDH antibody as a loading
control.c.
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Acetate Is an Essential Fuel during FastingFigure 2. AceCS2/ Mice Exhibit Lower Whole-Body Acetic Acid Oxidation during Fasting
After 48 hr of fasting, 12-week-old male mice were tested for their ability to oxidize [1-14C]acetate or [1-14C]b-hydroxybutyrate to 14CO2 at 20, 40, and 60 min after
intraperitoneal (i.p.) injection with the labeled compound.
(A) Rate of 14CO2 production from acetate. *p < 0.001 compared to AceCS2
+/+.
(B) Total plasma [1-14C]acetate was measured after 60 min.
(C) Rate of 14CO2 production from acetate with inclusion of unlabeled acetate. Unlabeled acetate (0.6 g/kg) was injected with [1-
14C]acetate, and the acetate
oxidation rate was measured after 40 min.
(D) Rate of 14CO2 production from b-hydroxybutyrate (AceCS2
+/+, n = 6; AceCS2/, n = 6).
(E) Model for the role of AceCS2 in energy metabolism.
(A–D) Data are mean ± SEM.insulin-like growth factor-1 (IGF-1) of AceCS2/ mice (2–4
weeks of age) were also comparable to AceCS2+/+. The plasma
leptin levels of 2- to 4-week-old AceCS2/ mice were lower
than those of age-matched, wild-type littermates. Notably,
plasma acetate levels were markedly elevated in AceCS2/
mice compared to AceCS2+/+ mice (Table S1).
AceCS2/ Mice Exhibited Marked Reduction
in Whole-Body Acetate Oxidation
To examine whether acetate is, in fact, utilized as a fuel during
fasting, we performed whole-body acetate oxidization assays.
Mice were fasted for 48 hr and then injected with [14C]acetate.
Figure 2A shows the sharply decreased rate of acetate oxidation
in AceCS2/ mice. As a consequence, [14C]acetate levels
remained high in the plasma of AceCS2/ mice, whereas
AceCS2+/+ mice showed very low levels of plasma [14C]acetate
(Figure 2B). Because higher levels of plasma acetate in
AceCS2/ mice might affect the acetate oxidation rate, we
also examined the oxidation of [14C]acetate with the inclusion
of unlabeled acetate at similar levels to those found in the
AceCS2/ mice (about 2 mM) (Figure 2C). Injection of unlabeled
acetate (0.6 mg/kg) led to rapid increase in plasma acetate toCell Metabolism 9, 191–202, February 4, 2009 ª2009 Elsevier Inc. 193
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condition, the rate of acetate oxidation measured was still signif-
icantly lower in AceCS2/ mice (Figure 2C). Oxidation of ketone
bodies was similar, irrespective of genotype (Figure 2D), indi-
cating that ketone body utilization is normal in AceCS2/ mice.
Together with our previous report showing that [14C]acetate is
incorporated into CO2 in AceCS2-transfected cells (Fujino et al.,
2001), these data indicate that, in mice, acetate oxidation to form
CO2 and ATP requires AceCS2. Previous studies showed that an
appreciable amount of acetate is generated in liver by hepatic
acetyl-CoA hydrolase, a ubiquitous peroxisome enzyme, and
that this acetate can subsequently be utilized by extrahepatic
tissues (Leighton et al., 1989; Murthy and Steiner, 1973; Seufert
et al., 1974). We propose a model in which acetate is generated
in liver from fatty acids and released into the circulation under
conditions when glucose is low, such as 48 hr fasting or low-
carbohydrate/ high-fat diet. AceCS2 is necessary for salvaging
this acetate for use in extrahepatic tissues such as skeletal
muscle and BAT, where acetate is reactivated for reentry to
the mitochondrial TCA cycle to generate ATP and heat
(Figure 2E).
Adult AceCS2/ Mice Exhibit Low Body Temperature
and Reduced Capacity to Sustain Running Exercise
under a Fasting Condition
To further evaluate the physiological role of acetate oxidation,
12-week-old AceCS2/ mice were freely fed a standard rodent
diet or fasted for 48 hr. During normal fed states, there was no
significant difference in core temperature between AceCS2+/+
and AceCS2/ mice (Figure 3A). After 48 hr of fasting,
AceCS2+/+ mice were able to maintain their core body tempera-
tures, but AceCS2/ mice had significantly lower core body
temperatures (Figure 3A). These data demonstrate that acetate
activation by AceCS2 is important for maintenance of normal
body temperature, likely as a result of heat production during
fasting. Indeed, the mRNA levels in BAT of AceCS2 were 4-fold
higher under the fasted condition than under the fed condition,
suggesting that AceCS2 has an important role during fasting
condition (Figure 3B).CeIn mice, BAT and skeletal muscle are the main thermogenic
tissues in which oxidation of fatty acid, stimulated by the sympa-
thetic nervous system, generates heat through uncoupling
proteins (UCPs) present in mitochondria (Spiegelman and Flier,
2001). During fasting, the quantity and morphology of mitochon-
dria in BAT and skeletal muscle are indistinguishable between
AceCS2+/+ mice and sex- and age-matched AceCS2/ mice
(Figure S2A). Oxidative proteins such as UCPs are thought to
be important in thermogenesis (Matthias et al., 2000; Spiegel-
man and Flier, 2001). The mRNA levels of UCP1 in the BAT or
UCP2 and UCP3 in the skeletal muscle did not differ significantly
between AceCS2+/+ and AceCS2/ mice. Other thermogenic
molecules PGC1a and PPARd also did not differ in mRNA levels
(Figure S2B and data not shown).
To evaluate substrate supply, we determined the levels
of various metabolites in the plasma of fed and 48 hr fasted
12-week-old male AceCS2+/+ and AceCS2/ mice (Table S2).
There was no significant change in plasma glucose or in
NEFA and ketone body levels between AceCS2+/+ and
AceCS2/ mice (Table S2). There was also no significant differ-
ence in the percentage of fat mass between fed AceCS2/ and
AceCS2+/+ mice as assessed by dual-energy X-ray absorption
(DEXA) (Table S2). However, plasma acetate was 5- to 10-fold
higher in AceCS2/ mice as compared to AceCS2+/+ mice
under both fed and fasted conditions (Figure 3C). These data
indicate that acetate utilization is impaired in AceCS2/ mice,
implying that a deficit in extrahepatic acetate utilization causes
fasting-induced hypothermia. Acetyl-CoA levels were
decreased by 75% in fasted AceCS2/ mice (Figure 3D).
NADH and ATP levels in skeletal muscles of fasted AceCS2/
mice were significantly reduced compared to those found in
AceCS2+/+ mice (Figures 3E and 3F). These data indicate that
AceCS2 plays a pivotal role in supplying acetyl-CoA for ATP
production during 48 hr of fasting. Oxygen consumption was
significantly increased after 36 hr fasting, and locomotor activity
was not reduced (Figures 3G and 3H).
The hypothermia inAceCS2/ mice also differs from adaptive
hypothermia in response to cold (Lowell and Spiegelman, 2000).
Exposure of these AceCS2/ mice to low temperature (4C) didFigure 3. AceCS2-Deficient Mice Exhibit Low Body Temperature and Reduced Exercise Capacity during Fasting
(A) Core temperature of male mice (12 weeks old) fed on normal chow diet was monitored after 48 hr fasting (AceCS2+/+, n = 8; AceCS2/, n = 7). *p < 0.05
compared to AceCS2+/+.
(B) Relative mRNA expression levels of AceCS2 in BAT of male mice (12 weeks old, six to seven per genotype). **p < 0.01 compared to AceCS2+/+.
(C) Plasma acetate levels of male mice (12 weeks old) fed or fasted for 48 hr (fed AceCS2+/+, n = 4; fasted AceCS2+/+, n = 4; fed AceCS2/, n = 4; fasted
AceCS2/, n = 4).
(D) Acetyl-CoA levels in gastrocnemius muscle from 48 hr fasted male AceCS2+/+ and AceCS2/ mice (12 weeks old) were measured (AceCS2+/+, n = 7;
AceCS2/, n = 8).
(E) ATP content is markedly reduced in AceCS2/ mice. ATP and AMP contents of gastrocnemius muscle from male AceCS2+/+ and AceCS2/ mice were
measured at 12 weeks of age (AceCS2+/+, n = 7; AceCS2/, n = 8). **p < 0.01 compared to AceCS2+/+.
(F) NAD+ and NADH levels and NAD+/NADH ratio in gastrocnemius muscle and BAT of 48 hr fasted male AceCS2+/+ and AceCS2/ mice (12 weeks old)
(AceCS2+/+, n = 4; AceCS2/, n = 4).
(G) Oxygen consumption (VO2) (left panel), average of VO2 (center panel), and RQ (respiratory quotient) (right panel) were determined in fasted male mice
(12 weeks old) by indirect calorimetry (AceCS2+/+, n = 6; AceCS2/, n = 5).
(H) Total locomotor activity of male mice (14 weeks old) was measured by beam breaks in the light and dark periods (AceCS2+/+, n = 12; AceCS2/, n = 12).
(I) Male mice (12 weeks old) given food and water ad libitum were subjected to cold (4C) (left panel) (AceCS2+/+, n = 10; AceCS2/, n = 11). Male mice (12 weeks
old) fasted for 24 hr and given water ad libitum were subjected to cold (4C) (right panel) (AceCS2+/+, n = 7; AceCS2/, n = 8). Core temperature was monitored
over a 5 hr period.
(J) Male mice (12 weeks old, nine per genotype) were subjected to a run-to-exhaustion protocol on a motorized treadmill under fed conditions and 48 hr fasted
conditions (AceCS2+/+, n = 9; AceCS2/, n = 9). *p < 0.05 compared to fed.
All values are mean ± SEM.ll Metabolism 9, 191–202, February 4, 2009 ª2009 Elsevier Inc. 195
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tion (Figure 3I, left panel). We next examined the effect of cold
exposure on 24 hr fasted mice. Unlike with 48 hr fasting, under
24 hr fasting conditions, AceCS2/ mice maintained their
core body temperatures at levels similar to AceCS2+/+ mice,
although both levels were equally reduced by 2C–3C
compared to fed levels. Exposure of these mice to cold further
decreased their core temperatures; however, after 5 hr cold
exposure, there was no significant difference between
AceCS2/ and AceCS2+/+ mice (Figure 3I, right panel). These
data indicate that adaptive thermogenesis in response to low
temperature was not impaired in AceCS2/ mice and further
suggest that the sympathetic nervous system is able to properly
maintain core body temperature in AceCS2/ mice.
We hypothesized that fasting AceCS2/ mice would lead to
decreased exercise tolerance, owing to impaired acetate oxida-
tion and subsequent reduction of ATP production in skeletal
muscle (Figure 3E). AceCS2/ mice were exercised on
a motorized treadmill apparatus using a run-to-exhaustion
protocol. AceCS2/ mice fasted for 48 hr exhibited a markedly
reduced capacity to sustain running exercise, whereas the
running capacity of AceCS2+/+ mice did not change between
the fed and fasted conditions (Figure 3J). This suggests that
acetate is an important fuel required for exercise as well as for
heat generation during fasting.
AceCS2/ Mice Compensate for Metabolic Acidosis
through Hyperventilation
Because the plasma acetate levels are very high in AceCS2/
mice, we speculated that these mice could be acidotic, and, if
not, they might be hyperventilating to blow off CO2 to prevent
acidemia. Accordingly, we measured the arterial blood gases,
pH, and bicarbonate concentration. The values of arterial carbon
dioxide partial pressure (PaCO2) were significantly decreased in
AceCS2/ mice (p < 0.05, n = 5–6), indicating that AceCS2/
mice were hyperventilating to blow off CO2. There were no
significant differences in the values of PaO2, standardized bicar-
bonate concentration ([HCO3
-]), and the pH (Table 1). These data
indicate that AceCS2/ mice were hyperventilating to compen-
sate for a possible acidosis caused by acetate accumulation.
This hyperventilation in AceCS2/ mice might account for
some of their increased energy expenditure compared to
AceCS2+/+ mice.
AceCS2/Mice Exhibit Hypothermia and Hypoglycemia
under Low-Carbohydrate, High-Fat Diet
Similar to fasting conditions, we hypothesized that acetate
utilization may be important under low-glucose or low-carbohy-
drate intake states. To examine this possibility, 4-week-old
AceCS2/ and AceCS2+/+ mice were fed a low-carbohydrate,
high-fat diet (LC/HF; 0.4% carbohydrate, 90.5% fat, and 9.1%
protein from calories). At the time of weaning (4 weeks of age),
AceCS2/ mice weighed an average of 40% less than their
littermates (Figures S1A–S1C), and plasma acetate levels were
markedly elevated (Figure 4A). Plasma ketone bodies, NEFA,
glucose, and insulin levels were comparable between
AceCS2+/+ and AceCS2/ mice (Table S1).
On LC/HF diet,AceCS2/ mice exhibited lower body temper-
atures (Figure 4B). This was most severe (30.1 ± 1.4C) on day 2196 Cell Metabolism 9, 191–202, February 4, 2009 ª2009 Elsevier Inof LC/HF diet feeding, whereas AceCS2+/+ mice maintained their
body temperatures at 37C on this diet. In addition, AceCS2/
mice lost weight, whereas the body weight of AceCS2+/+ mice
remained stable (Figure 4C). Furthermore, AceCS2/ mice
had sustained hypoglycemia (56 ± 5 mg/dl) over this period
compared to AceCS2+/+ mice that exhibited transiently
decreased plasma glucose levels at weaning but soon recovered
to normal levels (137 ± 7 mg/dl) (Figure 4D). This transient hypo-
glycemia in AceCS2+/+ is most likely from the stress of forced
weaning, which causes suppression of feeding on the day of
weaning. Plasma NEFA and ketone body levels were highly
elevated, but there were no significant differences between
AceCS2+/+ and AceCS2/ mice except in ketone body levels
on day 3 of the LC/HF diet (Figures 4E and 4F). The abundance
of mRNAs for the enzymes involved in gluconeogenesis was not
decreased in AceCS2/ mice compared to AceCS2+/+ mice
(Figure S3A). Furthermore, injection of pyruvate to these mice
rescued hypoglycemia (Figure S3B), indicating that the gluco-
neogenic pathway is intact.
After 5 days of LC/HF diet feeding, AceCS2/ mice began to
die, and, by 21 days, 50% of the AceCS2/ mice had died. By
contrast, none of AceCS2+/+ mice died (Figure 4G). However,
following 21 days on the LC/HF diet, the surviving AceCS2/
mice gradually recovered body temperature and plasma glucose
levels. We observed no further excess mortality (data not shown).
Weight, body temperature, and plasma parameters (glucose,
NEFA, and ketone bodies) did not differ significantly between
the AceCS2/ mice that died and those that survived during
the 4 day period of LC/HF feeding after the weaning (Figures
S4A–S4E). Therefore, the cause of death was not simply from
malnutrition. We also examined the effect of a high-carbohy-
drate, high-fat (HC/HF) diet (58% fat, 15% protein, and 27%
carbohydrate from calories). On this diet, both AceCS2/ and
AceCS2+/+ mice survived with no deaths (data not shown). These
data indicated that acetate oxidation mediated by AceCS2 is
essential to maintain normal thermogenesis and fuel usage
under low-glucose utilization states such as low-carbohydrate
diets or fasting.
AceCS2/ Mice Exhibit Low Body Weight Gain under
Low Carbohydrate Intake
We continued to feed the surviving AceCS2/ mice an LC/HF
diet. AceCS2+/+ mice fed on this diet gained weight efficiently;
by contrast, AceCS2/ mice exhibited reduced weight gain
under this diet (Figure 5A). Food intake was unchanged between
Table 1. Blood Gas Analysis of AceCS2+/+ and AceCS2/ Mice
+/+ /
pH 7.34 ± 0.03 7.34 ± 0.03
PaO2 (mm Hg) 102.3 ± 2.7 108.8 ± 5.5
PaCO2 (mm Hg) 37.3 ± 1.2 33.3 ± 0.9
a
HCO3
 (mM) 19.7 ± 0.8 17.6 ± 1.3
BE (mM) 5.1 ± 1.2 6.9 ± 1.9
Male mice (12 weeks old, n = 6 per genotype) were fed on a normal chow
diet. Samples were obtained from the femoral artery of awake, freely
moving mice. Data are mean ± SEM.
a p < 0.05 compared to AceCS2+/+.c.
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(A) Male mice (4 weeks old, five per genotype) were fed milk from their mother. Plasma acetate levels were measured.
(B–F) Male mice (4 weeks old) were fed an LC/HF diet. (B) Core rectal temperature, (C) body weight, (D) blood glucose, (E) plasma NEFA, and (F) plasma ketone
body level were measured (AceCS2+/+, n = 8; AceCS2/, n = 7). *p < 0.05, **p < 0.01, and ***p < 0.001 compared to AceCS2+/+.
(G) Kaplan-Meier analysis of survival in males fed an LC/HF diet at 4 weeks old (AceCS2+/+, n = 22; AceCS2/, n = 18). **p < 0.001 compared to AceCS2+/+ by
Log-rank test. Data are mean ± SEM.AceCS2+/+ andAceCS2/ mice (Figure 5B). We excised various
tissues from these mice and measured tissue weights. The photo
shown in Figure 5C was taken for representative mice of each
group. There were no marked differences in the weights of liver,
kidney, BAT, and heart between AceCS2+/+ and AceCS2/
mice, but the fat pads of AceCS2/ mice were significantly
smaller than those of AceCS2+/+ mice (Figure 5D). We measured
metabolic parameters of these mice at 24 weeks of age (Table 2).
Although the plasma glucose levels were unchanged, plasma
insulin levels decreased significantly in AceCS2/ mice
as compared to AceCS2+/+ mice. Plasma levels of leptin were
4-fold lower, but plasma acetate was 7-fold higher in
AceCS2/ mice (Table 2).
In order to investigate the mechanism underlying reduced
weight gain in AceCS2/ mice, food intake and energy expendi-
ture were examined. AceCS2/ mice exhibited consistently
higher rates of oxygen consumption and, therefore, had higher
metabolic rates than AceCS2+/+ mice throughout day and night
(Figure 5E). After adjusting for allometric scaling and gender, the
effect of the AceCS2/ allele was highly significant (p < 0.01,
n = 7, multiple ANOVA) (Figure 5E, right panel). The respiratory
quotient was 0.71 in both AceCS2+/+ and AceCS2/ mice (data
not shown). These data suggested that the resistance to weight
gain ofAceCS2/ mice may be, at least in part, due to increased
energy expenditure. To examine the possibility that fatty acids
synthesis is changed in AceCS2/ mice, we measured
malonyl-CoA levels and acetyl-CoA carboxylase (ACC) activity
(Figure S5). Malonyl-CoA levels and ACC activity in skeletal
muscle and BAT did not significantly differ between AceCS2/
and AceCS2+/+ mice (Figure S5). In liver, malonyl-CoA levelsCell Metabolism 9, 191–202, February 4, 2009 ª2009 Elsevier Inc. 197
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Acetate Is an Essential Fuel during FastingFigure 5. AceCS2 Deficiency Attenuates Body Weight Gain in Mice Fed an LC/HF Diet
(A) Body weight change of male mice fed an LC/HF diet from 4 weeks old (AceCS2+/+, n = 15; AceCS2/, n = 12).
(B) Food intake of male mice fed an LC/HF diet at 25 weeks old (AceCS2+/+, n = 15; AceCS2/, n = 12).
(C) Representative picture of AceCS2+/+ and AceCS2/ male mice (26 weeks of age) fed an LC/HF diet.
(D) Various tissue weights for AceCS2+/+ and AceCS2/ male mice (26 weeks of age) fed an LC/HF diet (AceCS +/+, n = 5; AceCS2/, n = 5).
(E) Oxygen consumption (VO2, left panel) and average of VO2 (right panel) were determined in male mice (26 weeks old) fed an LC/HF diet by indirect calorimetry
(AceCS2+/+, n = 8; AceCS2/, n = 7). Data are corrected for body weight. The original, uncorrected data are shown in Figure S6.
(F) Change of body weight. Male mice were weaned at 4 weeks and were fed on normal chow diet for 6 weeks (until 10 weeks of age) and switched to an LC/HF
diet (AceCS2+/+, n = 8; AceCS2/, n = 8). *p < 0.05, **p < 0.01, and ***p < 0.001 compared to AceCS2+/+. Data are mean ± SEM. NC, normal chow diet.were reduced by 20% in AceCS2/ (Figure S5), which could be
the secondary effect of lower plasma insulin levels since AceCS2
is not expressed in liver. These data suggested that fatty acid
synthesis and degradation are not impaired by the deficiency
of AceCS2.
It is possible that the reduced weight gain of AceCS2/ mice
during LC/HF diet feeding simply resulted from a failure to thrive
phenotype (reduced body weight gain, hypothermia, hypogly-
cemia, and low survival rate) induced by low-carbohydrate diet
feeding immediately after weaning (Figure 4). Therefore, after
weaning, we first fed the mice a normal chow diet for 6 weeks
(until 10 weeks of age) and then switched them to an LC/HF
diet. By contrast to feeding an LC/HF diet immediately after
weaning, none of these AceCS2/ mice died; however, they
did exhibit reduced weight gain compared to AceCS2+/+ mice
following the switch to an LC/HF diet (Figure 5F). Reduced
weight gain was observed only under a low-carbohydrate
regimen. When mice were fed a high-fat, high-carbohydrate
diet, AceCS2/ mice were not protected against weight gain
(data not shown). These results clearly indicate that adult198 Cell Metabolism 9, 191–202, February 4, 2009 ª2009 Elsevier Inc.
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feeding, low-carbohydrate intake, or ketogenic conditions.
DISCUSSION
Under ketogenic conditions, free fatty acids are released into the
circulation and taken up by thermogenic tissues such as BAT
and skeletal muscle, where they serve as a fuel for thermogene-
sis (Picard et al., 2002; Spiegelman and Flier, 2001). Fatty acids
are also taken up by liver for the generation of ketone bodies, and
these ketone bodies are subsequently utilized in extrahepatic
tissues. In addition, previous studies showed that an appreciable
amount of acetate is generated in liver and this acetate can
subsequently be utilized by extrahepatic tissues (Leighton
et al., 1989; Murthy and Steiner, 1973; Seufert et al., 1974).
Here, we demonstrate that acetate also serves as a fuel that
has specific functions that do not overlap with those of fatty
acids and ketone bodies in thermogenesis.
Our studies of mice with targeted deletion of AceCS2 reveal
that these animals can not maintain normal body temperature
when starved or when fed an LC/HF diet. Under these
conditions, AceCS2/ mice display sustained hypoglycemia,
strongly diminished capacity for exercise, and dramatically
increased mortality as compared to their wild-type or heterozy-
gous littermates. The mutant animals also exhibit strikingly
reduced rates of whole-body acetate oxidation and correspond-
ingly increased levels of acetate in plasma. Most importantly,
ATP levels in the skeletal muscle of 48 hr fasted AceCS2/
mice were profoundly reduced, showing the significant contribu-
tion of acetate and AceCS2 to the energy supply under ketogenic
conditions. Therefore, under ketogenic conditions, the hypo-
thermia and poor exercise tolerance observed in the AceCS2/
mice is most likely from a lack of acetate utilization as a fuel
source. Supporting this possibility, plasma acetate levels were
significantly higher under fasting conditions than under fed
conditions. This suggests that acetate turnover is significantly
higher in the fasted state primarily due to AceCS2.
LC/HF diet has been generally recognized to have weight-
reducing effects on obese animals (Kennedy et al., 2007).
Although the body weight gain of mice fed an LC/HF diet is signif-
icantly lower than that of those fed high-fat and high-carbohy-
Table 2. Metabolic Parameters of AceCS2/ and AceCS2+/+
Mice Fed an LC/HF Diet
+/+ /
Glucose (mg/dl) 233 ± 14 233 ± 22
Cholesterol (mg/dl) 110 ± 7 70 ± 11b
Triglycerides (mg/dl) 93 ± 6 92 ± 9
NEFA (mEql/l) 343 ± 17 332 ± 71
Ketone body (mM) 0.387 ± 0.064 0.705 ± 0.116a
Leptin (ng/ml) 2.80 ± 1.12 0.74 ± 1.03b
Insulin (ng/ml) 3.34 ± 1.3 1.54 ± 0.71a
Acetate (mM) 0.18 ± 0.06 0.97 ± 0.17b
Male mice (24 weeks old, seven to nine per genotype) were fed an LC/HF
diet. Assays of blood samples were performed on isolated plasma.
a p < 0.05.
b p < 0.01 compared to AceCS2+/+.Cedrate diets, our LC/HF diet has no weight-reducing or anti-
weight-gaining effect. In the experiments done by Kennedy
et al. (2007), 8-week-old mice fed a normal chow diet were
switched to an LC/HF diet, and the weight of mice fed an
LC/HF diet dropped until it stabilized at 85% of the initial weight.
The discrepancy between these results may result from the
difference in the composition of the different LC/HF diets. The
LC/HF diet that Kennedy et al. used consists of 78.85% fat,
9.5% protein, and 0.76% carbohydrate, whereas our LC/HF
diet (purchased from Harlan Teklad) contains 67.4% fat, 15.3%
protein, and 0.6% carbohydrate (% by weight). In addition, the
source of the fat is also different. The LC/HF diet in their study
contains lard and butter, whereas our LC/HF diet contains vege-
table shortening. Regardless of the differences in the exact diet,
we show that AceCS2 is critical for normal body weight gain
under an LC/HF diet.
Recent observations indirectly support a role for AceCS2 as
a determinant of growth and adiposity. From the mapping of
a quantitative trait locus (QTL) region on mouse chromosome 2
that has a large effect on growth and adiposity, AceCS2 was
reported as 1 of 18 candidate genes potentially controlling
predisposition to growth and predisposition to obesity (Jerez-
Timaure et al., 2005).
Although plasma acetate is very high in AceCS2/ mice, we
found that there was appropriate and sufficient respiratory
compensation for any metabolic acidosis caused by acetate
accumulation. AceCS2/ mice exhibited hypocapnea to main-
tain a neutral arterial blood pH. Patients with chronic obstructive
lung disease and cystic fibrosis commonly have low body
weight, which is believed to be related to inadequate energy
intake, nutrient malabsorption, and excessive energy expendi-
ture (Bell et al., 1996). Basal metabolic rate is 10%–20% greater
in these patients than in healthy subjects and may contribute to
their energy imbalance. Furthermore, increased oxygen
consumption caused by increased respiratory muscle activity
has been reported in these patients, which largely explains the
increased basal metabolic rate (Campbell et al., 1959;
Cherniack, 1959; Donahoe et al., 1989; McGregor and Becklake,
1961). Because AceCS2/ mice seem to be hyperventilating,
this increased use of respiratory muscles might account for, at
least in part, the higher oxygen consumption.
We previously identified AceCS2 as a target of KLF15 (Yama-
moto et al., 2004). The fasting-induced transcription of AceCS2
is largely dependent on KLF15. Similarly to AceCS2/ mice,
KLF15-deficient mice also exhibit severe hypoglycemia after
overnight fasting (Fisch et al., 2007). KLF15 plays an important
role in gluconeogenesis by regulating amino acid degradation
and key gluconeogenic enzymes such as phosphoenolpyruvate
carboxykinase in the liver during fasting (Gray et al., 2007;
Teshigawara et al., 2005). Our data indicate that KLF15 is crucial
for survival during starvation through two mechanisms: (1) gluco-
neogenesis in liver and (2) acetate oxidation to generate ATP and
heat in muscle and BAT through AceCS2 activity.
The sirtuins comprise a conserved family of proteins that are
believed to mediate some of the health benefits of calorie restric-
tion, which leads to extension of life span in nearly all organisms
studied, including mammals. SIRT1 has been reported to func-
tion as an energy-sensing gene that senses NAD+ levels and
regulates the activity of critical transcriptional regulators ofll Metabolism 9, 191–202, February 4, 2009 ª2009 Elsevier Inc. 199
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mitochondria, SIRT3 deacetylates a key lysine residue on
AceCS2, leading to its enzymatic activation (Hallows et al.,
2006; Schwer et al., 2006; Schwer and Verdin, 2008). As SIRT3
protein levels are specifically increased in calorie-restricted
mammals, regulation of AceCS2 activity by SIRT3 could be
a key metabolic factor responsible for homeostatic regulation
during calorie restriction, leading to its positive effect on life
span. Sirt3 was recently shown to be necessary for maintaining
basal ATP levels with ATP levels in multiple organs of Sirt3/
mice that are markedly reduced compared to wild-type levels
(Ahn et al., 2008). This study, along with ours, suggests that acti-
vation of AceCS2 by Sirt3 is required to maintain basal ATP levels
in mammals. Future studies of AceCS2- and AceCS2-deficient
mice are warranted to investigate this potentially exciting link
between longevity and mitochondrial energy metabolism.
In conclusion, our current findings demonstrate that acetate
metabolism mediated by AceCS2 is crucial for survival and
energy production under ketogenic conditions such as starva-
tion or diabetes. These and future studies of acetate metabolism
mediated by AceCS2 will have a significant impact on the under-
standing of the acetate metabolism for heat generation and
energy metabolism.
EXPERIMENTAL PROCEDURES
Generation of AceCS2-Deficient Mice
We constructed a targeting plasmid by using genomic DNA fragments derived
from Sv129 mice. A Lac Z and a neomycin cassette flanked by two loxP sites
were introduced into the AceCS2 locus of ES cells (derived from the Sv129
strain). Electroporation, selection, and screening were performed with stan-
dard gene-targeting techniques. Briefly, genomic DNA was isolated from
neomycin-resistant ES cell clones, digested with KpnI, and subjected to
hybridization with a probe to detect homologous recombination and the
presence of the flox allele (Figure 1A).
Chimeric males were generated by using the morula aggregation technique
and mated to C57BL/6J female mice. Homologous recombination was
confirmed by Southern blotting (Figure 1B). Deletion of RNA transcripts and
protein was confirmed by QRT-PCR and western blotting, respectively
(Figures 1D and 1E). After achieving germline transmission, AceCS2+/ mice
were crossed with C57BL/6J for six to nine generations.
Heterozygous mice were mated to obtain AceCS2/ mice. Wild-type litter-
mates were used as controls throughout the study. Genotyping of mice used in
this study was performed by PCR of tail DNA as shown in Figure 1C; the mutant
allele was detected by using a pair of oligonucleotides (50-GGCGCACAA
CAAAACCTAGT-30 and 50-GACAGTATCGGCCTCAGGAA-30) that amplify
a 512 bp PCR product between the AceCS2 and sequence 30 to Lac Z/neo
cassette. The wild-typeallelewasdetectedbyPCR witha pairofoligonucleotides
(50-GGCGCACAACAAAACCTAGT-30 and 50-GGGGTTCGTGCCTGGTTG-30)
that amplify a 355 bp PCR product spanning exon 1.
Quantitative Real-Time PCR
Quantitative real-time PCR (QRT-PCR) was performed as previously
described (Tanaka et al., 2003). All primer sequences used in this paper are
available upon request.
Antibody
To produce rabbit polyclonal anti-murine AceCS2 (IgGA001), a 12-residue
peptide corresponding to the C terminus of murine AceCS2 (CQKYEEQ
RAATN) was synthesized (Sigma Genesis, Japan), coupled to keyhole limpet
hemocyanin, and injected into New Zealand White rabbits. IgG fractions
were prepared by affinity chromatography on protein A-Sepharose (GE
Healthcare Bioscience). For immunoblot analysis, an aliquot of whole-cell200 Cell Metabolism 9, 191–202, February 4, 2009 ª2009 Elsevier Inlysates from heart (20 mg) was subjected to SDS-PAGE on 10% gels followed
by analysis with a 1:1000 dilution of anti-AceCS2 (Fujino et al., 2001).
Animal Experiments
All procedures were performed in accordance with Japanese Physiological
Society guidelines for animal care. Mice were group housed in cages with
a 12 hr light/12 hr dark cycle and fed a standard rodent chow diet (CE-2;
CLEA Japan, Osaka). To induce a ketogenic condition, we compared an
LC/HF diet (Table S3; Rho et al., 1999) (TD96355; Harlan Teklad Premier Labo-
ratory Diets) consisting of 90.5% fat, 9.1% protein, and 0.4% carbohydrate
(0% sucrose from calories) to a high-carbohydrate, high-fat diet consisting
of 58.0% fat, 15.0% protein, and 27.01% carbohydrate from calories (Tanaka
et al., 2003). All mice had free access to water. Food consumption was
monitored daily, and body weight was recorded every week, unless otherwise
stated.
Core body temperature was monitored using a rectal thermometer at
10 a.m. For the exercise performance, the mice were trained on the treadmill
(MK-680AT/02M, Muromachikikai, Tokyo) prior to the exercise performance
test (a 10 min run at 10 m/min at a 5 incline once per day for 4 days). Exhaus-
tion was defined as the point at which mice were unable to continue running.
Food Intake, Locomotor Activity, and Metabolic Rate Measurement
Male mice (26 weeks old) were housed under controlled lighting (12 hr light-
dark cycle) and temperature (23C) conditions. Food (standard chow pellets
or an LC/HF diet) and water were available ad libitum. Mice were then housed
singly under the same conditions as above for an acclimation period of at least
7 days. Body weights and food intake were monitored daily for the duration of
the study. Energy expenditure was measured by indirect calorimetry as
described previously (MK-5000RQ; Muromachi, Tokyo) (Takayasu et al.,
2006). Mice were placed in the calorimeter chambers and acclimated for
1 day. Locomotor activity was measured by using an infrared (IR) passive
sensor system as described previously (Supermex, Muromachi Kikai, Japan)
(Takayasu et al., 2006). The experiment was started at 8 a.m. (light period).
Acetate Oxidation
Acetate ([1-14C]acetate, CFA13, GE Healthcare UK Limited) oxidation was
measured in vivo as described (Wolfgang et al., 2006). The in vivo rate of
14C-acetate oxidation (2 mCi [1 Ci = 37 GBq] of [1-14C]acetate injected intraper-
itoneally) to 14CO2 was determined after treatment of mice. Mice were
acclimated in metabolic chambers fitted with 2-aminoethanol traps to recover
expired 14CO2. The oxidation of [1-
14C]acetate to form 14CO2 was measured at
20 min intervals over the next 1 hr. At the end of experiment, plasma was
collected, and plasma [1-14C]acetate was measured.
Acetate Measurement
Plasma acetate levels were measured as described by (Hillman et al. 1978)
with slight modifications. Briefly, plasma was mixed with 1 mM isovaleric
acid as the internal standard. The sample was acidified with one-fifth the
volume of 10% sulfosalicylic acid and then extracted three times with 10
volumes of diethylether. The ether extract was immediately back extracted
into 0.2 M NaOH. The ether was removed under a stream of dry nitrogen.
Before injection, the sample was reacidified with one-fifth the volume of
10% phosphoric acid. The acetate concentration of the sample was analyzed
by gas chromatograph (GC-2014, Shimadzu, Japan) equipped with a flame
ionization detector and a capillary column (ULBON HR-20 M, 0.25 mm i.d. 3
25 m 3 0.25 mm). The column was operated at 140C. The injection port and
the flame ionization detector were maintained at 300C. The chromatograph
was standardized with a mixture of C2-C7 short-chain fatty acids.
Plasma Parameters
Mice were sacrificed by CO2 asphyxiation following a 4 hr fast during the light
cycle (food removed 9:00 a.m., sacrificed at 1:00 p.m.). Blood was drawn by
cardiac puncture, and the plasma was separated immediately by centrifuga-
tion and stored at –80C until use. Plasma glucose, NEFA, triglycerides, total
cholesterol, and total ketone body levels were determined by Glucose C2-
test (Wako Pure Chemical, Japan), NEFA C-test (Wako Pure Chemical, Japan),
Triglyceride E-test (Wako Pure Chemical, Japan), Cholesterol E-test (Wako
Pure Chemical, Japan), and Autokit Total Ketone Bodies (Wako Purec.
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mined by ELISA with an insulin immunoassay kit (Shibayagi, Japan) and
a mouse leptin immunoassay (R & D systems) according to the manufacturer’s
instructions.
Assay Procedure for Acetyl-CoA, Adenine Nucleotides, NAD+,
and NADH Contents
Acetyl-CoA and adenine nucleotide contents in skeletal muscle or BAT of 12-
week-old male mice were measured essentially as described previously (Miura
et al., 2006; Scott et al., 1992; Takamura et al., 1985). NAD+ and NADH
nucleotide concentrations were directly measured by NAD+/NADH Assay kit
(Biochain Institute, Inc.) according to the manufacturer’s instructions. The
detail methods are described in the Supplemental Experimental Procedures.
Blood Gas Analysis
Blood gas analysis was performed as previously described (Kuwaki et al.,
1996). A catheter was implanted into the right femoral artery under isoflurane
(2%–3%) anesthesia. Up to 70 ml of arterial blood was drawn from the
indwelling catheter after a recovery period of more than 2 hr and when the
animal was quietly awake. Blood gases were determined by a blood gas
analyzer (ABL500, Radiometer, Copenhagen).
Statistical Analyses
All values are expressed as mean ± standard error of the mean unless other-
wise specified. Significant differences between mean values were evaluated
using two-tailed, unpaired Student’s t test (when two groups were analyzed)
or one-way ANOVA followed by Student Newman-Keuls test (for three or
more groups).
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures, six
figures, and three tables and can be found with this article online at: http://
www.cell.com/cell-metabolism/supplemental/S1550-4131(08)00393-8.
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